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Dynamic input capacitance of single-electron transistors
and the effect on charge-sensitive electrometers
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We examine the “input capacitanceCgerr, Of @ single-electron tunnelin@SET) transistor. We

note that this quantity is crucial in quantifying the sensitivity of a SET transistor used as a charge
electrometer. Further, we point out th@tgtt is not the same as the “gate capacitanc€g,

usually taken to bee/AVg, where AV is the period of the oscillation in current versus gate
voltage. WhileCg is indeed the average value GEgry over one periodCserr can in fact differ
substantially from that value, depending on the applied voltages. This has important consequences
for maximizing the sensitivity of SET charge electrometers when a large stray capacitance is
present. [S0021-897@0)07812-9

|. INTRODUCTION AND MOTIVATION One of the practical requirements of the SET transistors
is that, because the total SET island capacitaize=2Cr

In the past decade, electronic devices based on metal+ Cs must be kept small, the gate capacitar@g, must be
insulator—metal tunnel junctions, using the Coulombgmgll; typically, the maximum value is about 1 ¥FThis
blockadé of electrons, have been fabricated with standardsmaji value can cause a very large decrease in the sensitivity
thin-film lithography and processing techniques. The Couys the SET transistor as a charge electrometer, because most
lomb blockade refers to the fact that, at sufficiently low tem- ¢ 1,0 charge will flow to the(typically much larger stray
peratures and for sufficiently small devices, electrons Ca'&apacitance to ground. As an example, one application
tunnel onto or off of an isolated metal island only in units of g\{vhich NIST is presently pursuings to develop a capaci-

one. Here, the size and temperature must satisfy the crltenotance standard based on electron courfiifigy this case, we

<e? ing; i i o .
!(T N /2Cs to prevent Fhermall smearing; the siz€ constram_thave the exact situation of a SET electrometer with a large
is driven by the necessity to minimize the total island capaci-

tance,Cs , which is typically of order 0.1 fRcorresponding parallel stray capacitance limiting the sensitivity fact, the
to a C’ouI,Cme energg?/2Cs of order 1 meV or 10 K sensitivity is decreased by about a factor of Hie to the

Single-electron tunnelingSET) transistors are three- stray capacitanctand the overall resolution of this standard

terminal devices based on two tunnel junctions in series!S Presently limited by the electrometer se-nsiti\ﬁty_ .
A generic schematic of this situation will be as shown in

with a separate capacitive gate to the central is[zee Fig.
1(a)]. A basic manifestation of the Coulomb blockade is that,Fig- 2@), with the addition of the elements outside the dotted
for certain values of voltage¢g andVs_p, very little cur- ~ box. Here, we have denoted a charge source as a voltage
rent will occur from source to drain—the flow is “block- source,Vc, and the coupling capacito€c, together with
aded.” the stray capacitance to grour@,,, (a single lumped el-

For instance, in the Fig.(h), we see that the current ement representing the charge distributed along the wiring
Is_p between source and drain oscillates between minimunTypical minimum values foCy,,are of order 10 fF for both
(the blockaded regimeand maximum, with a period that charge source and electrometer microscopic elements on the
corresponds to increasing by one the average number of elesame chip(substratg and 10 pF for wiring between charge
trons on the island. This “SET oscillation” is the basic de- source and electrometer running off the C_F'IiNOte that
vice modulation that affords the potential as a charge electhese minimum values are much larger than the typical maxi-
trometer: One can typically resolve a relative changksin, mum Cg of 1 fF.
of less than or order I(? and thus can measure a_charge The result of the large ratio betwed®y,, and Cg is
flow onto the gate capacitance of less than or of order@0 ¢ a5 mentioned above, most of the charge from a change
This exquisite sensmwty is about f!ve orders of maganudein Ve or Ce will flow 10 Cygay, N0t C. We now define the
better  than  conventional  solid-state met"’ll_ox'de_input capacitanceCgerr, of the SET electrometer as indi-
semiconductor field-effect transistdMOSFET)-type tran- oo ) . . .
sistors. cated in Fig. Eb?. Cserris the effectl_ve capacitance between

the gate capacitor and ground, or in terms of the parameters
5 _ ) - ~inFig. 2@), Cser=dQg/d Vg . Itis a dynamic capacitance
Ele_ctronlcs and Electrical Engineering Laboratory, Technolog_y Admm}s—in the sense that, as we shall shortly $Berrr changes its
tration, U.S. Department of Commerce; Electronic mail: .
,value as the gate voltag€s, changegor equivalently from

neil.zimmerman@nist.gov; URL: http://www.eeel.nist.gov/811/gemg A
set.html a change invc or Cp).
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._(‘,', 0.1 [ FIG. 2. (a) A schematic of a SET transistor as a charge electrometer. The
0 . ' L charge source is represented as a voltage satgdellowed by a coupling
0 0.5 L 1.5 2 capacitorCc . (b) A schematic of the SET transistor with all of the capaci-
(b) Ve (e/Co) tances lumped int€serr. A change in eitheW or C causes a charg@c

) ) S to flow to the common node. This charge distributes itself on the stray and
FIG. 1. (a) A schematic of a SET transistor. The two tunnel junctions isolate gate capacitances as indicated.

the central SET island. For the appropriate choices of parameters, the net

number of electrons on the island is quantized in units of one, because there

is insufficient energy for an extra electron to tunnel onto or off of the island.

(b) Example of a measurement of source-drain curreaty , versus gate (1) For large amounts of charge transfer such Qat

voltage,V , showing the periodic modulation; each period corresponds tos-1e, the net change in the potential on the SET island is
increasing the average number of electrons on the island by one. small Compared to the Change Vb ; essentially all of the
extra charge resides d@g, and thus the charge-averaged

L . . value (averaged over many periodi
We note that, for most applications we have in mind ( g y periods

(including the electron counting capacitance stangattte Cser=Cs.
SET electrometer will be used as a null detector with feed-
back, so that the measurement is of a cha@eor Qc  jjations ise/Cq

}Nh'gg |sknot changllng. Folr t;xamplel,dln qulfsl? we WOUl_d , (2) What isCggrr for small amounts of charge transfer?
eedback a control signal that would result in maintaiNing e answer is that it depends, via the details of the tunneling

Qc. the charge orCc, at a fixed value; in this sense the through the tunnel junctions, on the value of the island po-

electrometer is used as a null detector, only measuringential,visl_ In particular, we note that, from Fig(@, it is
changes inQg . Thus, the application does not in general o, thatQg=Cg(Va— Vi)
Isl/ =

require anaccuratemeasurement oQc (which would re-
quire accurate knowledge @, and Csery); rather, we

This result is the reason that the period of the SET os-

When there is no tunneling.e., the blockaded region

| ire the abil | i ch X the tunnel junctions appear as if they are pure capacitors, and
only require the ability to resolve a small changeQg, in in that region an expression f@ggqt results simply from

order to perform the function of a null detector. Thus, they . parallel-series combination of capacitafdege can set

sensitivity we discuss herein refers to a minimum resolutiony, oo rce potential to ground without loss of generality
of change inQ¢ or Qg .
It is now clear from Fig. #) how the stray capacitance 2C

decreases the sensitivity: the charge which we wish to sense, Cserr= Co+2Ct
Q¢ is split into the charges on the stray and gate capac
tances as indicated. It easy to show that

Cs. (2

We note that this estimate @fseqris always less thal .
We also note that, in order to maximize sensitivity while
Q6=Qcl Csert/(Cserrt Copray | minimizing thermal smearing, the general tendency would be
~(Ceprr/Corn) Qu<Op ) to fab_ricat_e a device with relatively lardeg anq smaIICT.
SETT! stray % C ™= < C This implies that we will often have the situation where
note thatCgerr/Cgyray is @ small fraction. Coer<<Cg.

We can also estimat€ggrin the tunneling(nonblock-
aded region: First of all, in order to maintain the average
value of CgerrasCg, it is clear that in this regionCgerr

We now wish to estimat€sgrin terms of the known must be greater thalCg. We have Cger=dQg/dVg
parameters. There are two obvious possibilities: =Cg(1—-dViy/dVg). We can obtain a rough estimate for

II. INPUT CAPACITANCE: SIMPLE CONSIDERATIONS
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FIG. 3. (a) Top to bottom(see Ref. 8 Gate chargeQ, relative input capacitanc&sg1/Cg, (derivative of top pangl source-drain current,s p,
derivative ofls_p, and the sensitivity parametgr=[dls_p/d(CsVs)] (Cseri/Ce), all as a function oV g; Vg is swept over a range corresponding to

a change by two in the average number of electrons on the islah(C;Vs)=2€e]. The solid line in the top panel is a straight line with a slope of one
(corresponding t€€serr=Cg). The solid line in the middle panel is a sliding average of the data, from which the derivative in the next panel is calculated.
The arrows in the bottom panel denote the positions where the derivativg gfis a maximum. The parameters of this simulation &g=1 fF, C;

=10 aF,R=100 K}, Vg 5=0.05 mV,T=0.1 K. The salient features includet) the gate charges, is essentially unchanging in the blockaded regions
(whenlg_p is smald, since the input capacitand8gerr, is dominated by the tunnel junction capacitan€®s, which are much smaller tha®g ; (2) Cserr

varies from about € to a small fraction ofCs [note that Z+/(Cg+2C+)~0.02]; (3) the places where the slopelef  is maximized(arrows at bottorn

are not wherey is maximized.(b) Similar to (a), with tunnel junction capacitance values of 500 (&%€f. 8.

dVig/dVg as follows: with the total island capacitand@y x=|dls_p/d(CsVe)|(Cserr/Co);

=2C;+Cg, the island potential decreases by aboef2)

X(l/CE) between minimum and maximum tunneling, and we wish to examine the dependencexaf)n VG andvsiD .

this change occurs over a changevig of about 1/4¢/Cg). We first look at a fairly extreme example, whe@;
Then, approximatinyi(Vg) as linear in this region, we get =1 fF, and C;=10 aF, seen in Fig. (8. We note that,
dVig/dVe~(—el2C5)/(e/ACs)=—2Cs/Cs, or Csgrr because the temperature of 0.1 K is fairly small compared to
~Cg(1+2Cs/Cy); for a typical value ofC;~1/2Cg, this  the Coulomb energy, the blockade regions are fairly broad

will result in Cggr~2Cg. and deep(middle panel. Also, because the ratio® /(Cg
+2C+)~0.02 is fairly small,Qg (top panel appears flat in
Il INPUT CAPACITANCE: SIMULATIONS the blockaded regions, and thus the input capacitdsee-

ond panel also has broad regions where it is very small in

By considering some simple simulatiohsje can see in  comparison taCg—if we operated the electrometer in these
some detail how the input capacitan€serr, depends on regions, the sensitivity would be decreased by this very small
various parameters. First, we note that the desired measur€xgry.
ment is of Q¢ , and thus the salient sensitivity parameier We note that the positions Vg where the slope
the presence of a lardey,,) is dependent oW andVs_p |dls_p/d(CgVg)| is maximum(arrows at bottommare not
by two factors: the first is the uncertainty in the measurementoincident with the maxima o€ggtr; thus, the positions to
of Qg, which is inversely proportional to the slope of the maximize|dls p/d(CgVg)|Cserr are not the positions of
current, |dls_p/d(CgVg)|. The second is the decrease in maximum slope. In fact, in this example, we would lose a
the sensitivity due to the stray capacitafEg. (1)], propor-  factor of about 1/5 in sensitivity if we operated at the posi-
tional to Cserr/Cgyay- Thus, we define the sensitivity param- tions of maximum slope.
eter Figure 3b) shows similar qualitative features, for the
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1.2 causes the maximum sensitivity to be always be bigger than
r the maximum slopéalthough in some regions by no more
[ s than 15%.
sk '
- | ; IV. SUMMARY
E bory We have shown that:
z ni (1) Due to the periodic modulation of the island poten-
g tial, Viy, the effective input capacitanc&sgrr, varies
- 09 by O stope dI/d(cer) markedly over one period Mg, from a small fraction of the
"0 sensitivity X = 4I/8(C) (Car/Co) nominal g_ate CgpQCItancéZ,G ; to about tW|ceCG_.
ol vy (2) This periodic modulation o€ g1t has a linearly pro-
@ 0 00 0‘)' ( 0\))'5 02 025 portional effect on the sensitivity of a SET transistor used as
a s \M

a charge electrometer, when the stray capacitance to ground
03 is large compared t€<gr7 (often the case® *

(3) Fortunately, the value oEggrr reaches a maximum
in gate voltage quite near the maximum in the derivative of
current versud/g . Thus, the modulation o€ g7t causes a
small enhancement of the overall sensitivity.

(4) As seen in Figs. @) and 4, the choice of the control
voltages is more important than might be thought in the ab-
sence of this effect, sinc€gert falls off quite rapidly with
Vg andVs_p in some cases.

0 slope 41/d{c) As a conclusion, although the enhancement effects in
0.05 this article appear to be fairly small, they may be significant

[ Osenitly X = /4G (Can/ ) in cases where the resolution of the experiment is limited by

00 0025 005 0075 ' 01 the sensitivity of the electrometBrPerhaps more impor-
(b) Vs (mV) tantly, by recognizing the effect @7, We can avoid the

mistake of choosing values of the gate or source-drain volt-

FIG. 4. (a) Dependencetsee Ref. Bof two possible sensitivity parameters ages which at first sight would appear to be close to opti-

(slope of current oscillations and parameggr maximized with respect to mum, but which would significantly degrade the sensitivity.

gate voltage Vs, (separately for each data poinas a function of bias

voltageVs_p . Note the(1) y peaks somewhat before the slope and also

before the amplitude of current oscillatiofrsot shown, and that(2) y is ACKNOWLEDGMENTS

always bigger than the slope, showing the enhancement dGggg. Cg .
=1 fF, C;=10 aF,R=100 K2, T=0.1 K. (b) Similar, Cy=500 aF(see The authors are happy to acknowledge a careful reading

Ref. 8. of the manuscript by Mike Kelley¥NIST Gaithersburgas
well as discussions with Bill Huber, Nick Pault¢NIST
Gaithersburg and Chris LobiU. Maryland.
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case withC+=0.5 fF (approximately the values used in the
electron-counting capacitor standard experiment 1|f3. V.fAverirI1 anclj K. K. Likhi?jrev,SingIe Electronics: A Correflated 'Il—ll’anS- |
; : _fer of Single Electrons and Copper Pairs in Systems of Small Tunne

Finally, F;?' é_Showls depende_zrnces OL_SOTE c:cf theseh pa Junctions(North-Holland, New York, 1991 Vol. 30, Chap. 6, pp. 173—

rameters on the bias voltagés_p . To get this plot, for eac 272,

value of Vg_p, we have used plots like Fig. 3 to find the 2H. Grabert and M. H. DevoreSingle Charge TunnelingPlenum, New

value of Vg which maximizes|dls_p/d(CgVg)| and x; York, 1992, Vol. 294. o , _

note that this maximization means that different data OimS3Here we have neglected the contribution to the SET island capacitance

. p due to field lines terminating at infinitgi.e., not due taC or Cg); this

corre_spond to.(.jlf.ferent values MG - We nOte that an.Other contribution is often quite small, and in any case will simply add @ 2

possible sensitivity parameter, the maximum amplitude of and thus not change any of the general conclusions.

the current oscillatiol I s, has a shape very similar to the “N. M. Zimmerman, J. L. Cobb, and A. F. Clark, IEEE Trans. Instrum.

slope, and thus using the amplitude as the criterion for devicg Meas:46 294 (1997

. . E. R. Williams, R. N. Ghosh, and J. M. Martinis, J. Res. Natl. Inst. Stand.
operation would lead to the same choice\of p as the  rocnnoio7 299(1992.

slope. We see that, for Fig(a, with C+=10 aF, similar to  ém. w. Keller, A. L. Eichenberger, J. M. Martinis, and N. M. Zimmerman,

the dependence ovig [see Fig. 8], the maxima in these _Science285 1706(1999.

parameters do not occur at the same points. In particular, the'\A"")‘;’IV'PﬁigerL’ eJt.t é\g‘ 2"85’32*(‘139';' M. Zimmerman, and A. H. Steinbach,
amplitude (not shown and slope reach their maxima at a 8Simulation results obtained using the software packag®n (http:/

bias voltageVs_p, wherey has already lost a fraction of its  homel.gte.net/kittypaw/index.htmdeveloped by Christoph Wasshuber.

value. Figure &) shows similar results for the case Gf The identification of a specific commercial product does not imply en-
=05 fF dorsement by NIST, nor does it imply that the product identified is the

best available for a particular purpose.
We also note that as expected from the above, the ensthe sensitivity of a transistor must be considered in the context of the

hancement ofCgr in the nonblockaded regions ofg noise floor. For SET transistors, the dominant intrinsic noisefictiarge
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noise. If this charge noise arises from sources in the tunneling junctions or more on the location of charge noise sources in SET transistors. See Refs.
near the islandtypically the casg the noise level will be unaffected by 10 and 11.

Cserr and thus the sensitivity will indeed be linearly proportional to 1°N. M. Zimmerman, J. L. Cobb, and A. F. Clark, Phys. Revs® 7675
Cserr- In contrast, if the noise arises from sources which couple through (1997).

Cg, then the noise level will be affected IBkerrin the same way as the XA, B. Zorin, F.-J. Ahlers, J. Niemeyer, T. Weimann, H. Wolf, V. A.
signal, and thus the ratio of signal to noise will not dependCgg. For Krupenin, and S. V. Lotkhov, Phys. Rev. 38, 13 682(1996.
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